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In Vivo Inhibition of Glucagon Secretion by
Paracrine Beta Cell Activity in Man

CHRISTOPHER M. ASPLIN, THOMAS L. PAQUETTE, and JERRY P. PALMER,
Diabetes Research Center and Department of Medicine, University
of Washington, Seattle, Washington 98144

A B S T R AC T The close anatomical relationships be-
tween pancreatic alpha and beta cells makes possible
their interaction at a local (paracrine) level. To demon-
strate this in vivo, we have compared the acute glucagon
response to intravenous arginine in the basal state and
after beta cell suppression by infusions of insulin. The
plasma glucose concentration was maintained by the
glucose clamp technique. In six normal weight nondia-
betics, infusion of insulin at 0.2 mU/kg per min (rate 1)
raised the mean±SEM plasma insulin levels from
10±3 to 32±4 mU/liter and at 1 mU/kg per min (rate 2)
raised plasma insulin to 84±8 mU/liter. This resulted in
beta cell suppression, as shown by a diminution in the
acute insulin response (incremental area under the in-
sulin response curve, 0-10 min): basal = 283+61,
199±66 (rate 1) and 143±48 mU/liter per 10 min (rate 2)
and a fall in prestimulus C-peptide from 1.05±0.17
to 0.66±0.15 and to 0.44±0.15 nM/liter (all P < 0.01).
This beta cell suppression was associated with in-
creased glucagon responses to arginine: 573±75
(basal), 829±114 (rate 1), and 994±136 ng/liter per 10
min (rate 2) and increased peak glucagon responses
181±11 (basal), 214±16 (rate 1), and 259±29 ng/liter
(rate 2) (all P < 0.01). In all subjects, there was a pro-
portional change between the rise in the acute glucagon
response to arginine and the fall in the prearginine
C-peptide level. To demonstrate that augmented gluca-
gon response was due to beta cell suppression, and not
to the metabolic effect of infused insulin, similar
studies were performed in C-peptide-negative-dia-
betics. Their acute glucagon response to arginine was
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inhibited by the insulin infusion: 701±112 (basal),
427±33 (rate 1), and 293±67 ng/liter per 10 min (rate 2)
as was their peak glucagon response: 268 ±69, 170 +36,
and 115±33 ng/liter (all P < 0.01). Thus, hyperinsuline-
mia, within the physiological range achieved by insulin
infusion, inhibits beta cell secretion which, via a
paracrine mechanism, potentiates glucagon secretion.

INTRODUCTION
The regulation of pancreatic alpha cell secretion is
probably mediated by complex interactions between
multiple factors that include neural influences, circu-
lating fuels, and gastrointestinal hormones. In addition,
the close anatomical relationship between hormonally
active cells in the islet of Langerhans makes it very
likely that alpha cell secretion is influenced by the
local concentration of other islet hormones (1). Such a
local action has been termed "paracrine" in contrast to
the endocrine action of pancreatic hormones, which is
mediated through general circulation. The ability of
insulin to inhibit glucagon secretion has previously
been demonstrated in vitro in isolated islets, pancreatic
pieces (2), or whole pancreas (3-5).

The administration of exogenous insulin in vivo
causes many changes in circulating fuels (especially
glucose) and hormones, in particular the suppression
of endogenous insulin secretion (6-8). Any effect this
fall in endogenous paracrine insulin secretion may
have on glucagon secretion cannot be discerned be-
cause of simultaneous changes in circulating fuels and
hormones that also affect glucagon release. The glucose
clamp technique (9) enables the circulating level of
insulin to be raised without changing plasma glucose
concentration. Endogenous insulin secretion, as meas-
ured by C-peptide determinations, is inhibited (6-8)
and thereby provides a model to investigate the para-
crine effect of insulin on A cell secretion independent
of any change in plasma glucose. Wehave, therefore,
measured the acute glucagon responses to intravenous
arginine in normal men, before and after insulin in-
fusions, using the glucose clamp technique.
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TABLE I
Mlean (±SEAI) G(lneose, Inistulint, Gluicagoni, atn( C Peptide Levels befoie ArgOnne A(bninist-rtion

al11( thze IJortm0ona(il Responise to Arginine, in NXonliabetics anl I)iabetics,
in the Basal State ani(l (urinig In.suilini Iniftusionis

Ifitis iln i,iftsionl

BaIsII Rlate I Raite II

Nondiabetics
Prearginiiie Plasilima glncose, ninldl 86±6 86±7 86±7

Plasmiia 1111, in Ulliter 10+3 32±4 84±8
Plasmiia IRG, nlg/liter 78±15 56±1() 64±+10
Plasma I R* C-peptide, n m10ollliter 1.05±0.17 0.66±0.15 0.44±0.15

Postargininle AIR(, miUlliter per 10 )71i)1 283+±61 199±66 14:3±48
AGR, nglIliter petr I) mi)l 573±75 829±114 994±136
Peak IRG, nigllite- 181± 11 214± 16 259±29

Diabetics
Prearginhie Plasma glucose, oigldll 190±)45 191±44 190(±45

Plasmiia IRG, niglliter 114±33 87±35 82±11

Postargininle ARG, niglliter per 10 nihm 701±112 427±33 293±67
Peak IR(G, niglliter 268 ±69 170 ±36 155±33

* IR, imnmunoreactive.
AIR, incremental area under the insulin response curve; 0-10 min.

METHODS

Six young male, normal weight nondiabetic subjects with no
familN history of diabetes in first (legree relatives, an(I six
age-, sex-, weight-miiatched instulin-dependlenit diabetics were
studied. The (liabetics had had the onset of their disease in
early childhood and required insulin therapy for 10 yr or more.
Following an overnight fast and subject to informed consent,
intravenous cannulae were inserted into both antecubital
veins and into a vein on the back of the hand. The hand was
placed in a thermostatically conitrolled "hot handl box" for the
collection of "arterializedc" venious blood (10). After a 45-miml
basal period, dturing which blood was drawin at 15 mill inter-
vals, a 5 g i.v. bolus of arginine was administered over 30 s.
Blood samples were withdrawn at 2, 3, 4, 5, 6, 8, 10, 15, 20, and(l
30 min following the arginine injection. An infusioni of high
purity porcinie insulin (Eli Lilly and Co., Indlianiapolis, Ind.)
in salinie was started usinig a 50-miii syringe pump and 10 ml
of the subject's own blood (to minimllize the surface absorp-
tion of insulin [11]). Insulin was infused at 0.2 mU/kg per mnin
for 90 min (rate I), blood being drawn at 5-miml intervals for
60 min, then another bolus of arginine was given with blood
sampling as above for 30 min. The insulin infusion rate was
then changed to 1 mU/kg per min (rate II), and the procedure
as for rate I followed. Half the subjects in each group had
insulin delivered at rate II before rate I. During the insulin
infusions, blood glucose wvas maintained at basal levels by a 5
or 10% dextrose infusion via the glucose clamp technique,
and arterialized blood glucose concenltrations were deter-
mined every 5 min. Blood samples were collected into chilled
(40C) tubes with samiiples for gluteagon being collected into
benzamidine, centrifuged immediately, and frozen at -20°C
until analysis.

Plasma immunoreactive inisulin (IRI)l and glucagon (IRG)

1Abbreviationis used in this paper: AGR, acute glucagoin
response; AIR, acute insulin response; IRG, immunoreactive
glucagoin; IRI, immiunoreactive insulin.

were mneasuire(l by) radioi nimuinoassav usinig (loulle antibody
(12) andl polyethylene glycol (13) separationi, respectively.
Sertum C-peptide was miieasu;re(d alfter polyNethylene glycol
extracti on tusinig dextranii-charcoall separati on and antibody
NI1230 (Novo) (14). Blood gltcose was mileasturedl on whole
)loo1d1si5ig at Yellow Springs Analyzer, restults beinig avail-

able 40 s after saimiple collectioni. The hemiiatocrit was tusedl
to correct whole 1)loo0( to plasmla glutcose values. In some
sul)jects the sertum potssitum was also meastured. The acute
glticagoni response (AGR) to arginiine was calculated as the
inieremiiental atrea tunder the IRG response cutrve from 0-10
min following the argininie injection. Siimiilarly, the ac ute
instulin response (AIR) was calculated in the nonidiabetics.
Restults are showni as miiean±SENI acnd the statistical signifi-
cawnt (liffereniees between grouips were testecl by Wil-
coxonI ranik.

RESULTS

Blood glucose levels were maintained constant at
basal values (Table I) in all subjects during the insulini
in-fusion (CV < 3%). Suppression of endogenous in-
sulin secretion in the nondiabetic subjects was docu-
mented by the progressive fall in prestimulus C-pep-
tide levels from a mean basal level of 1.05+±0.17 nmol/
liter to 0.66+0.15 at insuilini rate I, and to 0.44+0.15 at
insulin rate II. In addition, the AIR to arginine fell in
all subjects, being 283±+61 mU/liter per 10 min in the
basal state, and 199+66 and 143+48 mU/liter per 10
min at insulin rates I and II, respectively (P < 0.01 for
all comparisons) (Table I and Fig. 1).

In all the nondiabetic subjects, the AGRto arginine
was greater at insulin infusion rate 1 (829+114 ng/liter
per 10 min) than at basal level (573+±75 ng/liter per 10
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FIGURE 1 Insulin infusion rates (mU/kg per min), plasma glucose concentrations (mgldl),
plasma IRI (mU/liter), immunoreactive (IR)C-peptide levels prearginine, (nmol/liter), and IRG
levels in six nondiabetics and six diabetics. Data are presented as X-+SEM; arg I indicates tim-e of
arginine injection; 1, liter.

min) and a further rise occurred during insulin infusion
rate II (994+136 ng/liter per 10 min) (P < 0.01 for all
comparisons, see Table I and Fig. 1). In all subjects
there was a strong relationship between prestimulus C-
peptide levels and the AGRalthough the slope of these
lines was variable (Fig. 2). The peak IRG response
postarginine, irrespective of time, also increased
progressively: basal = 181+11, rate I = 214+16, rate
II = 259+29 ng/liter (P< 0.01) (Table I).

None of the diabetics had detectable circulating
C-peptide levels. Their basal AGRwas 701+112 ng/
liter per 10 min and the AGRfell to 427+33 ng/liter
per 10 min when insulin was infused at rate I and fell
further to 293+±67 ng/liter per 10 min at insulin rate II
(P < 0.01). Similarly, the peak IRG level postarginine,
irrespective of time, also decreased in every diabetic
during the infusion of insulin (Fig. 1 and Table I).
Three of the diabetics studied were normoglycemic
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FIGURE 2 AGRto argininle (ng/liter per 10 min) for six n1on1-
diabetics relatedI to their preargininie imimlunioreactive (IR)
C-peptide levels (nmol/liter). 1, liter.

at the time of the studv. Wehave also studied six ad-
ditional diabetics (two of whom were also normogly-
cemic) in the basal state and after instulin infutsioni
(rate II). The basal AGR(596+41 ng/liter per 10 min)
and the AGRat insuilin infusion rate 11 (328±70 Imig/
liter per 10 min) in these five normoglveemic (meani
plasma glucose = 82+ 10 mg/dl) diabetics were similar
to the responses seen in the diabetics as a group. Also,
there was no correlation between the AGRin the basal
state and the fall in the AGRas a result of the in-
sulin infusion and the plasma glucose level.

The prestimulus IRG levels fell in both nondiabetics
and diabetics from basal valuies of 78+15 ng/liter and
114+33 ng/liter, respectively, to 56±10 ng/liter and
87±35 ng/liter during insulin infuision rate 1, and to
64±10 ng/liter and 82± 11 ng/liter during insulin infu-
sion rate I1. No consistent change in serum potassium
was noted, the greatest change being 0.2 mmol/liter.

DISCUSSION

This study has demonstrated enhancemenit of the alpha
cell response to arginine during suippressioni of beta
cell secretion in nondiabeties. This suggests that the
beta cell, fuinctioninig in a paracrine fashion, inhibits
alpha cell secretion in vivo, similar to the inhibition
of glucagon secretion by insulin in vitro (2-5). This has
not been previously dcemonstrated in miian.

Suppression of enidogenouis inisuilin in the noindi-
abeties is shown by the progressive fall in prestimiiulus
C-peptide levels anid by the fall in AIR to arginine

in all subjects. Thus, wlhen the plasma glucose level
remc-ains constant, endogenous insulin secretioni can be
stuppressed by insulini infusion rates that give cir-
culating instulini levels within the physiological range.
In previous stucdies, supraphysiological (7) and phvsi-
ological (6) serumil insulin levels have been uised to
suippress endogeniouis insulini secretioni (as shown by
C-peptide levels). In the isolated pancreas, insulill
itself (8) will suppress beta cell instulini secretioni,
however, in this study, it is not known whether the
exogenous insulin suppressed beta cell function di-
rectlv, or via a chanlge in one of maniy circulatinig fuels
(other than glucose), hormones, or by a combination
thereof. In nondiabetics, the overall effect on the pan-
creatic alpha cell was a progressively greater AGRto
arginine during the insulin infusions, probably due
to a lesser A cell suppression by paracrine beta cell
activity. In diabetics, who lack any detectable beta
cell secretory capacity, this response was not observed;
in fact, the opposite, inhibition of the AGRto arginine,
was found.

The changes in AGRare not merely seconidary to
chainges in prestimulus IRG levels because peak IRG
after the arginine pulse, irrespective of time, rose
progressively in all nionidiabetics and fell progressively
in alll diabetics. The inciremiienital area is calcuilated from
the lowered basal level. However, the alpha cells could
ha,ve been affected by changes in circulatinig free fatty
acids, ketonie bodies, or amino acids brought about by!
the insulini infusions. Sinice the circulalting fuels in
diabetics anid nondiabetics wouild be expected to show
similar qualitative chaniges during the instulini in-
fusionis, whereas the glucagoni responses we observed
were in opposite directions, it is unlikely that the rises
in AGRin nondiabeties during the insuilini infusion are
a result of somne chainge in levels of circulating fuels.
The similarity of AGRseen when normoglycemic and
hvperglycem ic diabetics were compared miakes it un-
likely that the differences observed between diabetics
and noncdiabetics are secondary to differenees in cir-
cullating fuels. This is further suipported by the absence
of any relationship between the plasmiia glucose level
and basal AGRor the degree of fall in the AGRbrought
about by instulin infusion. It is more likely that the
differenice between nonidiabetics and dial)etics is duie
primarily to differeniees in beta cell paracrinie in-
hibition of alpha cells.

The prestimultllus IRG levels fell in both diabetics
aind nondial)etics. This is presumilably partly in re-
sponse to chaniges in cireculating ftuels other thain
gltucose brought about by the instulini infusioni, buit is
comiiplicated by the lacek of knowledge of the source
of IRG mleasured in the basal state. In contrast, the
IRG seen after argininie injectioin appears to be 3,500
dalton gluteagon of pancreatic origin. In support of this
possibility is the observation that in pancreatectoimlized
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man l)asal IRG is often normlal but the responise to
argininie is minimial (15). It is possible that basal
glucagoni is largely nonpancreatic in origin, therefore
not undcler paracrinie insulini influenice, and is inhibited
by exogenious insulini (16) similar to pancreatic alpha
cells in insulini-depenidenit dialetics who lack paracrine
beta cells. Thus, studies in which insulin, with or with-
out glucose, hals been infused into dialetics and(I nono-
diabetics followed by chaniges in basal IRG, are not
comparable with the argininie stimiiulated IRG data in
the present study (5, 17, 18).

The importanice of paracrine insulini in inhibiting
alpha cell secretion might provide anl explanation for
the observations that during insulin induced hypo-
glycemila, insulin dependent diabetics have a markedly
deficienit or absent IRG response compared to n1on1-
diabetics (19, 20). The IRG response to hypoglycemia
would be comparable to the stimulated (by arginine)
IRG response presenited here. Hypoglycemia would
suppress paracrine insulin in nondiabetics resulting
in decreased inhibition of the alpha cell. If this was
an important factor in IRG response to hypoglycemia,
insulini dependent diabetics who lack such a mecha-
nismii would be expected to have anl impaired IRG
responise. Also, the inconsistenit IRG responses of
insulini depenidenit diabetics (without hypoglycemia)
to insulin may l)e related to the varyinig degrees of
l)eta cell destructioni in these dial)etics (21).

Previous morphologic and in vitro observations have
suggested that beta cells affect alpha cell secretion
by a paracrine mechaniismii (1-5). Our data extend these
observations to m11an1 anid suggest that the distuirbed
paracrine relationship of alpha and beta cells in dia-
betes maiy explain, in part, the abnormal gluicagon
dynamics ob)served in diabetes.
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